The choice of an optimal marker strategy while analysing intragenic SNPs is presently of crucial importance, given the increasing amount of available data. Classical case/control association studies or family based association tests such as the TDT are very popular. However, as these methods are not able to analyse multiple markers simultaneously, different extensions have been proposed in order to use multiple markers. In the present study, the efficiency of five family based haplotypic methods to detect the role of candidate genes is evaluated and compared between them and with the classical single point TDT. Simulations of intragenic SNP maps are performed in recently founded populations. One or several SNPs are assumed to be the functional polymorphisms following different genetic models. Different modes of SNP combinations underlying the genetic susceptibility (epistasis or heterogeneity) are considered. Whereas haplotypic methods perform better in situations of heterogeneity, the TDT remains the most powerful approach in epistasis models as long as the marginal effect of one the SNPs involved in the susceptibility remains important. Haplotypic methods perform better than the TDT when the marginal effect of each SNP is small. Given the similar characteristics of intragenic LD in both old large populations and recently founded populations, in particular the weak correlation between LD and distance, our results are not likely to be specific to founder populations and can be generalized.
Introduction
Since linkage studies do not allow the fine mapping of genes underlying multifactorial diseases, 1 candidate gene strategies are increasingly used. Efforts have concentrated on the construction of high density biallelic marker (SNPs) maps 2 and all frequent SNPs may now be identified within candidate genes. In this context, family based association tests, as the TDT, 3 are very popular. However, as the TDT is not able to analyse multiple markers simultaneously, different extensions have been proposed 4 ± 6 in order to use multiple markers. One of them 4 uses the information on identity length among haplotypes of affected individuals. The rationale is that, as argued by the authors, if a response variable tends to be high in one location, it will also tend to be high in nearby locations. New methods that are not strictly speaking extensions of the TDT have also been proposed such as the Haplotype Pattern Mining method (HPM 7 ) or the Maximum Identity Length Contrast statistic (MILC 8 ). Whereas HPM looks for haplotype patterns associated with the disease, MILC searches for an excess of haplotype identity length among affected individuals. Contrarily to other methods also using multiple markers simultaneously, 9, 10 HPM and MILC do not suppose that most of the affected individuals carry a unique ancestral mutation. They may thus be used in more general and various contexts.
The existence of similarities among haplotypes and more generally the power of haplotype based methods are highly correlated with the characteristics of linkage disequilibrium (LD) among markers in the chromosomic region considered.
LD studies in different parts of the human genome and in a wide range of populations, large or isolated, are now available. 11 ± 13 Two major characteristics of intragenic LD can be drawn from these studies. Intragenic LD is highly variable and physical distances cannot fully explain this variability. 14 Indeed, as suggested by Jorde, 15 recombination events are rare at this level and do not balance the stochastic LD created by other mechanisms, mainly population admixture and selection in large populations, or genetic drift in founder populations. Very few genetic risk factors for multifactorial diseases have been identified so far. In the rare cases where a locus has been found, alleles at greater risk seem to be rather common (e.g. ApoE and Alzheimer, HLA and autoimmune diseases). The polymorphisms associated with the disease susceptibility have been described in terms of alleles, rarely resulting from a change at a single SNP, but rather from a combination of several SNPs within the gene. In this way, the different ApoE alleles result from the combination of two SNPs in coding regions (codon 112 and 158), each leading to a change in amino acid sequence. 16 A recent study 17 suggests a more complex model of combination between three SNPs to explain the role of the calpain-10 gene in the susceptibility to NIDDM. In the present study, the interest of different family based haplotypic methods was evaluated to detect the role of candidate genes using intragenic SNPs and compare them to the classical single point TDT. The power is computed using population based simulations where recently founded populations are considered. Contrarily to a study by Akey et al, 18 we do not model a rare unique ancestral mutation shared by most affected individuals and leading to a simple LD pattern decreasing with distance. We rather consider frequent polymorphisms resulting from various SNP combinations as genetic risk factors and a more complex LD pattern. Furthermore, as all frequent SNPs may now be known within a gene, the present study is conducted considering functional polymorphisms as part of the marker map.
Methods

Different methods compared
All the methods used in this study consider case-parent triads, where controls are parental alleles non transmitted to affected offspring. One single point approach and five haplotype based methods are considered.
TDT 3
The TDT is a test for linkage and association that is robust to population stratification. Each SNP is tested independently. The test is performed using the GTDT statistic, 19 as implemented in Gassoc. Note that in a biallelic context, GTDT is equivalent to the classical TDT.
Global TDT 4
The first way to use multiple markers simultaneously is simply to consider each haplotype as a particular allele and to perform a multiallelic TDT. Haplotypes that can not be unambiguously deduced are discarded. The distribution of this statistic under the null hypothesis is evaluated by simulations.
Zhao global TDT 6 Zhao et al. have proposed an extension of the multiallelic TDT approach for haplotypic data that takes into account families with ambiguities in phase assignment. Haplotype frequencies are estimated from parental genotypes through an EM algorithm. These frequencies are then used to weigh all possible haplotype combinations in ambiguous families. The distribution of this statistic under the null hypothesis is evaluated by simulations.
Geary Moran test 4 In order to reduce the degree of freedom of multiallelic TDT tests, Clayton and Jones have proposed to group haplotypes showing similarities. Similarity between two haplotypes is defined as the length, around a focal point, of the contiguous region over which they are identical by state. Length squared may also be used as a similarity measure. However as this latter statistic always gave smaller power than the one using length, it was not considered in the present study. Without a prior idea on the location of the focal point, all SNPs should be considered as focal points one after the other, a test being performed for each. In situations where haplotypes cannot be unambiguously deduced, they are discarded. The testing procedure is the same as for the global TDT described above.
Haplotype pattern mining method (HPM) 7 This method searches for recurrent haplotype pattern associated with the disease phenotype. A pattern is defined as a group of alleles at adjacent loci, some of them possibly ignored (referred as gaps). The maximum length of the patterns and the maximum number of gaps per pattern are fixed by the user. The association between a wide range of patterns and the disease is tested by w 2 tests. A P-value is then computed for each marker of the haplotype using simulations. This method uses an information on haplotype similarity, defined as a length of identity, however because it allows for gaps, similarity at non-contiguous markers may also be used. In situations where haplotypes cannot be unambiguously deduced, alleles at the ambiguous loci are considered as missing.
Maximum identity length contrast statistic 8 (MILC) Contrarily to the methods previously described, MILC does not directly contrast the haplotype frequencies between the transmitted and non transmitted groups. MILC contrasts the mean length of haplotype identity among all transmitted haplotypes with the mean length of haplotype identity among all non transmitted haplotypes. The test is based on the maximum of this contrast among all markers of the haplotype. The exact P-value associated to the maximum contrast is computed using a resampling procedure. In situations where haplotypes can not be unambiguously deduced, alleles at the ambiguous loci are considered as missing.
Simulation models
Simulations are performed using the GENOOM software. As an illustration of LD patterns resulting from such simulation models, the distribution of pairwise LD in two different population replicates is presented on Figure 1 . LD may be strong even between the most distant markers of the map.
Genetic model Different genetic models underlying the disease susceptibility are considered. For all of them, parameters are chosen to fit an overall disease prevalence in the population of 5%. Situations where the functional polymorphism corresponds to 1, 2 or 3 SNPs included in the map are modelled.
Models 1 and 2
The functional polymorphism is a single SNP (SNP5). The allele at greater risk, allele 2, has a frequency of 0.2, 0.5 or 0.8. Two different penetrance sets are considered.
Model 1 : f 2/2 =f, f 1/2 =0.2f, f 1/1 =0.1f. Model 2 : f 2/2 =f, f 1/2 =f, f 1/1 =0.1f.f x/y is the probability of being affected given genotype x/y. 
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Comparison of haplotype methods using SNPs C Bourgain et alPenetrances are : f 2-2/2-2 =f, f 2-2/x-y =0.2f, f x-y/z-t =0.1f, where (xy)=(2-2) and (z-t)=(2-2). f x-y/z-t is the probability of being affected for an individual with two SNP haplotypes x-y and zt (genotypes are x/z for the first SNP and y/t for the second SNP).
Finally we modelled a situation where three SNPs are involved. They are either adjacent (SNP4, SNP5 and SNP6) or non adjacent (SNP2, SNP5 and SNP8). Two penetrance sets are considered.
Model 5 : f 2-2-2/2-2-2 =f, f 2-2-2/x-y-z =0.2f, f x-y-z/t-u-v =0.1f where (x-y-z)=(2-2-2) and (t-u-v)=(2-2-2)
where (x-y-z)=(1-1-1) and (x-yz)=(2-2-2) and (t-u-v)=(1-1-1) and (t-u-v)=(2-2-2). f x-y-z/t-uv is the probability of being affected for an individual with three SNP haplotypes x-y-z and t-u-v (genotypes are x/t for the first SNP, y/u for the second SNP and z/v for the third SNP). In Model 5 a single haplotype (2-2-2) is at greater risk whereas two haplotypes (1-1-1 and 2-2-2) have an equivalent higher risk in Model 6.
Power study Samples of 100 affected individuals and their two parents are randomly drawn from the population replicates and analysed using the different methods. Power is computed as the proportion of replicates in which at least one SNP of the map is shown to be significantly associated (at the 5% level) with the disease.
For the TDT, Geary Moran and HPM methods, a test is performed for each marker of the map. In order to control for multiple testing, simulations are also performed under the null (same typing context, but with no SNP involved in the disease susceptibility). The following thresholds corresponding to a global 5% type I error when a single candidate gene is tested are used for the power computations : 0.008 for the TDT, 0.003 for the Geary Moran test and 0.02 for the HPM method (performed with a maximum pattern length of eight markers and a maximum number of gaps of 2).
Results
One SNP involved in the disease susceptibility (Models 1 and 2) Power results for the situation where a single SNP of the map is involved in the disease susceptibility, are presented in Table 1 . Whatever the marker frequency and genetic model, the TDT, a single point approach, is more powerful than all haplotypic approaches. The functional polymorphism being one of the SNPs, the other markers do not bring any additional interesting information. Haplotypic approaches integrating a useless level of information are penalised.
Surprisingly the results of the different haplotypic approaches are rather close in the different situations, except the global TDT which is clearly less powerful in almost every situation. Differences may still be observed. Note in particular that in the situation where the allele at greater risk is highly frequent (0.8) the power of the HPM method is strongly reduced whereas MILC performs clearly better than all other haplotypic approaches.
Two SNPs involved in the disease susceptibility, Heterogeneity model (Model 3)
The power results for the heterogeneity model involving two SNPs of the map are presented in Table 2 . Three haplotypic approaches -HPM, Zhao global TDT and MILC-give much stronger power than the TDT, even though functional polymorphisms are included in the analysis. Note however that relatively to Model 1 and 2, Model 3 leads to a smaller marginal effect for each of the two functional SNPs. Indeed, if the relative penetrances of the different genotypes for the functional polymorphism are such that f 2/2 /f 1/1 =10 in Model 1, Model 3 roughly corresponds to f 2/2 /f 1/1 =2.8 for each of the two functional SNPs. Because the TDT only uses single point information, this test is very sensitive to this decrease in marginal effects.
Nevertheless, such a model is not systematically advantageous for all haplotypic methods. In particular the Global TDT and the Geary Moran test are very sensitive to the pattern of heterogeneity considered. Table 3 .
P R
For the two SNP model (Model 4), TDT and the HPM method have an equivalent power, slightly higher than that of MILC, Geary Moran test and Zhao global TDT. In this situation even though susceptibility depends on the haplotypes at two loci, the marginal effect of each locus remains strong enough to allow a good detection power using the TDT. Model 4 roughly corresponds to a f 2/2 /f 1/1 =3.7 for both SNPs of the functional polymorphism.
Power is dramatically reduced for the six statistics under Model 5 and even more under Model 6. For Model 5 the results do not strongly differ from those of Model 4. In particular TDT performs better than most haplotypic approaches, even though MILC may be slightly more powerful. For Model 6, the global TDT, Zhao global TDT and MILC perform slightly better. This result could have been predicted as two different haplotypes (1-1-1 and 2-2-2) are at equivalent higher risk in this model. The very low power achieved with this model whatever the method considered, prevents however from a clear advantage for haplotype based methods.
The relative location of the functional SNPs on the map (adjacent or not) seems to have no influence on power except for the MILC and Geary-Moran tests, two methods using an information on haplotype identity length. The sensitivity of these tests to the relative location of the functional SNPs remains relatively minor. However the power of MILC increases when SNPs are adjacent, so that MILC turns out to be the most powerful method under Models 5 and 6. The Geary-Moran test shows a similar gain in power for Model 4 and 5. The very low power achieved with this test under Model 6 may explain that no gain in power is observed under this latter model.
These results are rather intuitive, as a frequency increase of haplotypes made of non-adjacent loci may not systematically lead to an excess of identity length. Parameters such as the number of markers in-between the functional SNPs and the LD pattern among them are of crucial interest.
In order to evaluate the sensitivity of these results to the pattern of LD among the functional SNPs, the power of the six statistics when the three SNPs involved in the susceptibility are in complete linkage disequilibrium (1-1-1 and 2-2-2 are the only observed haplotypes for these loci) has been computed. As respectively 1-1-1 and 1-1-1 and 2-2-2 are the haplotypes at greater risk in Model 5 and 6, a greater power of haplotypic approaches could be expected with this LD pattern. However, results presented in Table 4 are very similar to those observed with the previous LD pattern (shown in Table 3 ). Power is very low for all the statistics, MILC and TDT giving slightly better results for Model 5. For such complex models of SNP interactions underlying susceptibility to multifactorial diseases, even a priori advantageous situations may prove to be hard to detect without prior idea on functional SNPs.
Discussion
The choice of an optimal marker strategy while analysing intragenic SNPs is presently of crucial importance, given the increasing amount of available data.
Neither the methods used nor the situations modelled in the present study are exhaustive. Indeed, the models underlying the susceptibility to a multifactorial disease as well as its intragenic LD pattern is likely to be different for each gene. Furthermore, if SNPs are an important source of genome P R b The eight SNPs of the map have the same allele frequency of 0.5, including the SNPs involved in the disease susceptibility.
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Even if no general rules can be drawn from our comparative study, the different situations considered, allow us to enlighten interesting points regarding intragenic SNP analysis.
Although different family based haplotypic approaches show close results in the different situations considered, three of them (MILC, HPM and Zhao global TDT) tend to give better power. In particular situations where functional polymorphisms are contiguous, the MILC method, using information on haplotype identity length, gives higher power than the other haplotypic methods.
When functional polymorphisms are available from genotyping, the TDT may be more powerful than all or most haplotypic approaches tested. In particular, a haplotype based genetic susceptibility does not imply that haplotypic approaches are more powerful than single point approaches. When several SNPs are involved in the susceptibility, the marginal effect of one of them may be strong enough to allow a better detection power when testing each marker separately rather than all together. Conversely the additional information brought by use of haplotypes may not counterbalance the cost of these tests in terms of increase in degree of freedom. This may be particularly true when there is no prior idea on the functional SNPs so that many uninformative SNPs are tested in the analysis.
However, single point approaches may not systematically be the most powerful approaches. For instance, models of heterogeneity may lead to weak overall marginal effects of the SNPs involved in the susceptibility, drastically reducing the power of the TDT whereas haplotypic approaches like Zhao global TDT, the HPM or the MILC method, remain powerful. This result is rather interesting as heterogeneity models are likely to be frequent in genetic susceptibility to multifactorial diseases as consequences of gene x gene or gene x environment interactions. Particular types of functional polymorphisms, such as combinations of more than two SNPs, may also lead to weak marginal effects of single SNPs. In the paper describing their extension of the TDT, Zhao et al. 6 used such a model (functional polymorphism resulting from the interaction of three available SNPs) to show that their approach performs better than the TDT. Considering a model close' to theirs (Model 6) we also found haplotypic approaches to be slightly more powerful than the TDT.
In intragenic context, where LD is not a simple decreasing function of the physical distance, the use of haplotype identity length does not seem to bring an additional information as useful as in systematic screening strategies, where we showed that this information could help to infer the kinship coefficient 8 ± except when functional polymorphisms are adjacent. Other kinds of information, such as phylogenic relationships between haplotypes 22 could be of great interest to enhance the power of haplotypic approaches. However, methods using this kind of information are still facing limits 23 and deserve further development. Founder populations were simulated in the present study. Aside from the LD initially present among the founder individuals, LD in such isolated and expanding populations is generated by the genetic drift occurring during the first generations when the populations remain of small sizes. Recombination however tends to disrupt this drift generated LD. The extent to which LD may be expected in these populations is highly variable, depending on population history, chromosomic regions considered, but also simply by chance given that drift is a stochastic process. 24 ± 26 At the intragenic level where recombination is rare, LD created during the population history is likely to be observed and not to be a simple decreasing function of the distance. 15 Intragenic LD has also been reported in large populations. If different processes are responsible for the LD pattern in large populations and in founder populations (genetic drift has a greater importance in founder populations than in large populations, where population admixture may have a greater impact), these different mechanisms (drift, admixture, selection) may lead to equivalent stochastic patterns of LD.
The inter SNP LD pattern considered in our study and results presented are thus likely to be unspecific to founder populations and can certainly be generalized to large human populations. b The eight SNPs of the map have the same allele frequency of 0.5, including the SNPs involved in the disease susceptibility.
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